To better understand the process of karyotype evolution in Galloanserae (Galliformes and Anseriformes), we performed comparative chromosome painting with chicken chromosome-specific DNA probes and FISH mapping of the 18S-28S ribosomal RNA (rRNA) genes, telomeric (TTAGGG)n repeats, and cDNA clones of 37 genes for three anserid species, the domestic duck (Anas platyrhynchos), Muscovy duck (Cairina moschata), and Chinese goose (Anser cygnoides). Each chicken probe of chromosomes 1-9 and the Z chromosome painted a single pair of chromosomes in the three species except for the chromosome 4 probe, which painted acrocentric chromosome 4 and a pair of microchromosomes. The 18S-28S rRNA genes were localized to four pairs of microchromosomes in the domestic duck and Muscovy duck, and eight pairs of microchromosomes in the Chinese goose. The (TTAGGG)n repeats were localized to both telomeric ends of all chromosomes in the three species, and were additionally located in the interstitial region of the short arm of chromosome 1 in the domestic duck and in the centromeric region of chromosome 1 in the Muscovy duck. Comparative gene mapping of 37 chicken chromosome 1-4-linked and Zlinked genes revealed high chromosome homologies among three anserid species and also between the chicken and the three anserid species, although there were several chromosome rearrangements: pericentric inversion in chromosome 2, pericentric and paracentric inversions or centromere repositioning in the Z chromosome between the chicken and the anserid species, and pericentric inversions in chromosome 4 and the Z chromosome between the Chinese goose and the two duck species. These results collectively suggest that karyotypes have been highly conserved in Anseriformes and that chromosome rearrangements also occurred less frequently between Galliformes and Anseriformes after they diverged around 100 million years ago.
Introduction
The order Anseriformes contains about 161 living species in four extant families: Anhimidae, Anseranatidae, Dendrocygnidae, and Anatidae. More than 140 species of waterfowls belong to the Anatidae family (Monroe and Sibley, 1993; Pereira and Baker, 2009 ). All species of this order are highly adapted for an aquatic existence at the water surface e.g.; they have fully webbed feet and are good swimmers. The earliest known Anseriformes is the recently discovered Vegavis, which lived during the Cretaceous period (Clarke et al., 2005) . Anseriformes may have appeared about 100 million years ago when the original Galloanserae split into the two main lineages of Anseriformes and Galliformes Baker, 2006, 2009; Brown et al., 2008; Kan et al., 2010; Pacheco et al., 2011) . Anseriformes and Galliformes are the most primitive neognathous birds, which typically follow ratites and tinamous in the phylogeny of birds. The karyotypes of Anseriformes are characterized by high diploid chromosome numbers (2n＝78-84), consisting of a small number of macrochromosomes and numerous indistinguishable microchromosomes (Christidis, 1990) . This typical avian karyotype is widely conserved in all palaeognathous and most neognathous bird species (Takagi and Sasaki, 1974; Belterman and de Boer, 1984; Nishida-Umehara et al., 2007) ; in contrast, the atypical karyotype, characterized by a lower diploid chromosome number, no large macrochromosomes, many medium-sized and small chromosomes, and only a few pairs of microchromosomes, are commonly found in accipitrid species (Amaral and Jorge, 2003; de Oliveira et al., 2005 de Oliveira et al., , 2010 Nanda et al., 2006; Nishida et al., 2008 Nishida et al., , 2013 .
Cross-species chromosome painting is a powerful tool to identify homologous chromosome regions among different species at the whole chromosome level, which enables us to delineate the process of karyotype evolution and reconstruct the chromosomal phylogeny (Wienberg and Stanyon, 1995) . Recent chromosome painting studies in birds with chicken chromosome-specific DNA probes have revealed chromosome homologies and interchromosomal rearrangements between the chicken and 52 avian species representing 12 orders Nishida-Umehara et al., 2007; Nanda et al., 2007 Nanda et al., , 2011 de Oliveira et al., 2008 de Oliveira et al., , 2010 Nishida et al., 2008 Nishida et al., , 2013 Nie et al., 2009) . The distribution of telomeric (TTAGGG)n repeats and the 18S-28S ribosomal RNA (rRNA) genes have also provided us with basic information on karyotype reorganization in avian species because the chromosomal distributions of the 18S-28S rRNA genes are highly variable between species and the presence of interstitial telomeric repeats is one piece of evidence for telomere-to-telomere fusions in chromosomes (Meyne et al., 1990; Nanda et al., 2002; Delany et al., 2009; Nishida et al., 2013) . Furthermore, comparative chromosome mapping has enabled us to identify intrachromosomal rearrangements, which cannot be detected precisely by chromosome painting. However, comparative chromosome mapping with functional genes and/or cytogenetic DNA markers has been performed for a few avian species (including the California condor, domestic duck, flycatchers, Guinea fowl, Japanese quail, New World quails, turkey, and zebra finch) (Shibusawa et al., 2001 (Shibusawa et al., , 2002 (Shibusawa et al., , 2004a Itoh et al., 2006; Fillon et al., 2007; Stapley et al., 2008; Modi et al., 2009; Skinner et al., 2009; Backström et al., 2010; Zhang et al., 2011) . Therefore, a lack of information of intrachromosomal rearrangements between different species makes it difficult to delineate the process of avian karyotype evolution precisely.
In Anseriformes, a comparative map was only constructed for the domestic duck (Anas platyrhynchos) by fluorescent in situ hybridization (FISH) using BAC clones of functional genes (Fillon et al., 2007; Skinner et al., 2009) . Compared to the abundant data of comparative mapping in Galliformes, information on chromosome mapping is still lacking in Anseriformes. Therefore, the process of karyotype reorganization has not been clearly understood in Anseriformes. Here, to compare chromosome structures among anserid species and between the chicken and anserids, we performed chromosome painting with chicken chromosome-specific probes, chromosome mapping of telomeric (TTAGGG)n repeats, the 18S-28S rRNA genes, and cDNA clones of chromosome 1-4-linked and Z-linked genes for the domestic duck (Anas platyrhynchos), Muscovy duck (Cairina moschata), and Chinese goose (Anser cygnoides). Based on the mapping data of these three anserid species, we discussed the process of karyotype evolution in Galloanserae (Galliformes and Anseriformes).
Materials and Methods

Specimens, Cell Cultures, and Chromosome Preparations
Cultured fibroblast cells of the domestic duck (Anas platyrhynchos), Muscovy duck (Cairina moschata), and Chinese goose (Anser cygnoides) were used in this study. Fibroblast cells of two males and one female each of A. platyrhynchos and C. moschata used in Islam et al. (2013) were recovered from liquid nitrogen and subsequently cultured. Fibroblast cells of the Chinese goose were collected from embryos at 10-13 days. Fertilized eggs were purchased from a breeding farm in Japan and incubated at our laboratory. After removing the heads and internal organs from the embryos, the embryonic bodies were minced and cultured. We determined the sex of the embryos by a molecular sexing method using PCR analysis of the CHD1 genes on the Z and W sex chromosomes (Griffiths et al., 1998) , and used the fibroblast cells of one male and one female embryo for chromosome analysis. All experimental procedures using animals conformed to the guidelines established by the Animal Care Committee, Nagoya University, Japan. Fibroblast cells were cultured and chromosome preparations were made as described in our previous study (Islam et al., 2013) .
Replication R-banding for gene mapping by FISH was performed as described previously (Matsuda and Chapman, 1995) . Fibroblast cell cultures were treated with 5-bromo-2′ -deoxyuridine (BrdU) (25 μg/ml) (Sigma-Aldrich) at the late replication stage and cell culturing was continued for an additional 5 hours, including 45 min of colcemid (0.025 μg/ ml) treatment before harvesting. Chromosome slides were made as described above and dried at room temperature for 2-3 days. After staining the slides with Hoechst 33258 (1 μg/ml) for 10 min, R-bands were obtained by heating them at 65℃ for 3 min and then exposing them to UV light at 65℃ for an additional 6.5 min. The slides were then kept at −80 ℃ until use.
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Giemsa Staining and G-banding
Slides were stained with 3% Giemsa in phosphate buffer (pH 6. 8) for 10 min for karyotyping. Chromosome slides were treated with 0.025% trypsin at 4℃ for 3-4 minutes and then stained with 3% Giemsa solution for 10 minutes for Gbanding.
Molecular Cloning of the cDNA Fragments of Functional Genes
Chicken cDNA clones were isolated from a chicken brain cDNA library for chromosome mapping of chromosome 1-and 3-linked genes and two Z-linked genes (HMGCS1, RCL1) of the chicken (Gallus gallus, GGA) ( Tables 1 and 2 ). Homologs of chicken chromosome 2-and 4-linked genes were cloned from A. platyrhynchos and seven Z-linked gene homologs (ATP5A1, CHD1, GHR, NTRK2, RPS6, SPIN, TMOD1) from A. platyrhynchos, C. moschata and/or A. cygnoides using the RT-PCR method (Tables 1 and 2 ). The nucleotide sequences of primers used for cDNA cloning of the genes are listed in Table 3 . The PCR primers described in Tsuda et al. (2007) were used to clone the seven Z-linked gene homologs. Total RNA was isolated from the livers of A. platyrhynchos and C. moschata and embryos of A. cygnoides using TRIzol reagents (Invitrogen) following the manufacturer's protocol. cDNA was synthesized from total RNA by reverse transcription using an oligo (dT) 12-18 primer (Life Technologies) and SuperScript II RNase H -Reverse Transcriptase (Life Technologies) following the manufacturer's protocol. PCR conditions were as follows: initial denaturation at 94℃ for 2 min, followed by 35 cycles of 90℃ for 30 s, 50-60℃ for 30 s and 72℃ for 35 s, and finally 72℃ for 5 min for a final extension (Table 3) . PCR products were separated with 2% agarose gel electrophoresis and were then stained with ethidium bromide. The DNA fragments were extracted from the ethidium bromide-stained gel using a QIAquick Gel Extraction Kit (Qiagen), ligated into pGEM TEasy Vector System I (Promega), then transformed into competent cells of Escherichia coli strain DH5α (Toyobo). Nucleotide sequences were determined with an ABI PRISM 3130 DNA Analyzer (Applied Biosystems) after sequencing reactions with a Big Dye Terminator v1.1 Cycle Sequencing Kit (Applied Biosystems). Nucleotide sequences were searched with the National Center for Biotechnology Information database using the blastx and blastn programs (http://blast.ncbi.nlm.nih.gov/Blast.cgi), and the clones were used for FISH after confirming that they were the real homologs of the chicken genes.
Fluorescence in situ Hybridization (FISH)
Cross-species chromosome painting with chicken probes was performed as described previously . Chicken (Gallus gallus, GGA) chromosome- Islam et al.: Comparative Mapping of Anseriformes and Galliformes specific DNA probes for chromosomes 1-9 and Z (GGA1-9 and GGAZ) were used. FISH images of chromosome painting were captured with the 550 CW-QFISH application program of Leica Microsystems Imaging Solution Ltd. (Cambridge, UK) using a cooled CCD camera mounted on a Leica DMRA fluorescence microscope.
The 5.8 kb pHr21Ab and 7.3 kb pHr14E3 fragments of the human ribosomal RNA genes provided by the Japanese Cancer Research Resource Bank (JCRRB), Tokyo, were used for chromosome mapping of the 18S-28S ribosomal RNA genes. A biotin-labeled 42 bp oligonucleotide probe complementary to telomeric (TTAGGG)n repeats was used for chromosome mapping of telomeric repeated sequences. After hybridization, the slides were stained with FITCavidin and subsequently counter-stained with propidium iodide (PI) (0.75 μg/ml) after washing.
A total of 250 μg of the cDNA fragment was labeled with biotin-16-dUTP and ethanol precipitated with salmon sperm DNA and Escherichia coli tRNA for chromosomal localization of functional genes. After hybridization, probe DNA was reacted with the goat anti-biotin antibody (Vector Laboratories), and was then stained with the Alexa Fluor 488 rabbit anti-goat-IgG (H+L) conjugate (Invitrogen-Molecular Probes) and subsequently counter-stained with 0.75 μg/ml PI (Matsuda and Chapman, 1995) . FISH images were captured using a cooled CCD camera mounted on a Nikon fluorescence microscope.
Results
Karyotype of the Three Anserid Species
The diploid chromosome numbers and karyotypes of A. platyrhynchos and C. moschata were described in our previous study (Islam et al., 2013) . We counted chromosome numbers for seven metaphase spreads of one A. cygnoides female, and determined the karyotype of this species. A. cygnoides showed the same diploid chromosome number (2n＝80) as the two duck species; however, morphological differences were found for several chromosome pairs (Fig. 1) . The third largest chromosome was acrocentric in A. platyrhynchos and subtelocentric in C. moschata and A. cygnoides. The fourth largest chromosome was acrocentric in A. platyrhynchos and C. moschata, but metacentric in A. cygnoides. The Z chromosomes were subtelocentric in A. platyrhynchos, acrocentric in C. moschata, and submetacentric in A. cygnoides. The W chromosome was acrocentric in A. platyrhynchos and C. moschata, but metacentric in A. cygnoides. These results were consistent with those of previous reports (Belterman and de Boer, 1984; Wójcik and Smalec, 2008) . The G-banded chromosomes of A. platyrhynchos, C. moschata, and A. cygnoides were obtained using the GTG (G-bands by trypsin using Giemsa) technique, and the G-banded ideograms were constructed to identify each chromosome and determine the chromosomal locations of FISH signals precisely. Seven pairs of autosomal macrochromosomes and the Z and W chromosomes are shown in 
Comparative Chromosome Painting
Chromosome painting with chicken chromosomes 1-9 and Z probes was performed for A. platyrhynchos, C. moschata, and A. cygnoides (Fig. 3) . Each probe painted a single pair of chromosomes, except for GGA4, in the three species. The GGA4 probe hybridized to the fourth largest acrocentric chromosome and additionally to a single pair of microchromosomes (Fig. 4) .
Chromosomal Locations of the 18S-28S rRNA Genes and Telomeric (TTAGGG)n Repeats
The 18S-28S rRNA genes were localized to four pairs of microchromosomes in both A. platyrhynchos and C. moschata, and to eight pairs of microchromosomes in A. cygnoides (Fig. 5) . The (TTAGGG)n repeats were localized to both telomeric ends of all chromosomes in the three species and additionally in the interstitial region of the short arm of A. platyrhynchos chromosome 1 and in the centromeric region of C. moschata chromosome 1 (Fig. 5) . The hybridization signals of (TTAGGG)n repeats were small on the telomeric ends of macrochromosomes, whereas the amplification of the (TTAGGG)n repeats was observed on almost all microchromosomes.
Comparison of Cytogenetic Maps Between the Chicken and the Three Anserid Species
We constructed cytogenetic maps of chromosomes 1, 2, 3, and 4 and the Z chromosome with 37 functional genes in the three anserid species (Tables 1 and 2, Figs. 6 and 7) , and compared the chromosomal locations of the genes among the anserid species and also between the chicken (G. gallus, GGA) and anserid species. No difference was observed in the chromosomal location of genes and the gene order in chromosomes 1 and 3 among all species. In chromosome 2, PDIA4 was located in the proximal region of the GGA2 long arm, while it was localized to the proximal region of the short arm in the three anserid species. The order of EXOC1, UCHL1, NSG1, and ATRN genes in chromosome 4 was identical between the chicken and the three anserid species. ACSL1 and RAP1GDS1 were located in the proximal region of acrocentric chromosome 4 of A. platyrhynchos and C. moschata, while they were localized to the proximal region of the long arm of metacentric A. cygnoides chromosome 4. In the Z chromosome, the gene order of nine genes was almost the same among the subtelocentric A. platyrhynchos, acrocentric C. moschata, and metacentric chicken Z chromosomes, even though the location of the centromere differed between the chicken and duck Z chromosomes. TMOD and CHD1, which were located near the centromere of the long arm of the acrocentric A. platyrhynchos and C. moschata Z chromosomes, were localized to the proximal region of the short arm of the metacentric A. cygnoides Z chromosome.
Islam et al.: Comparative Mapping of Anseriformes and Galliformes
Discussion
We compared chromosome structures among the chicken and three anserid species, A. platyrhynchos, C. moschata, and A. cygnoides, by karyotype analysis, comparative chromosome painting with chicken chromosome-specific paints (GGA1-9 and Z), and FISH mapping of the 18S-28SrRNA genes, telomeric (TTAGGG)n repeats, and 37 gene homologs of chicken chromosome 1-4-linked and Z-linked genes. The diploid chromosome numbers of the three anserid species were all 2n＝80, which is one pair of chromosomes more than that of the chicken (2n＝78). The diploid chromosome numbers in birds range from 40 (Falco columbarius) to 126 (Upupa epops) (Christidis, 1990; Amaral and Jorge, 2003) , and the mode of the chromosome number in birds is 2n＝80. Therefore, the karyotypes of the chicken (2n＝78) and the three anserid species (2n＝80), consisting of a small number of large-and medium-sized macrochromoJournal of Poultry Science, 51 (1) somes and a large number of indistinguishable microchromosomes, retain the ancestral avian karyotype (Takagi and Sasaki, 1974; Belterman and de Boer, 1984) . Hybridization with chicken paints (GGA1-9 and Z) showed that each chicken probe hybridized to a single pair of chromosomes for all three anserid species with the exception that GGA4 hybridized to the fourth largest acrocentric chromosome and a single pair of microchromosomes. The same results have also been reported in palaeognathous birds and many galliform species (including pheasants, turkeys, capercaillie, New World quails, and plain chachalaca) (Shetty et al., 1999; Shibusawa et al., 2004a Shibusawa et al., , 2004b , suggesting that the fusion of a microchromosome to ancestral acrocentric chromosome 4 occurred in the lineages of the chicken and other several phasianid species (including Old World quails, peafowls, and partridges) after Galliformes split from the common ancestor of Galloanserae. However, in the related species of A. cygnoides, the greylag goose (Anser anser), GGA4 paint hybridized to a single pair of submetacentric chromosome 4 (Guttenbach et al., 2003) , suggesting that the fusion between ancestral acrocentric chromosome 4 and a microchromosome occurred in A. anser after the genus Anser appeared.
The 18S-28S rRNA genes were localized to four pairs of microchromosomes in two duck species (A. platyrhynchos and C. moschata) and eight pairs of microchromosomes in A. cygnoides. Considering that the 18S-28S rRNA genes are supposed to have been located in a single pair of microchromosomes in the ancestral avian karyotype, which were found in palaeognathous birds and the chicken (NishidaUmehara et al., 2007; Delany et al., 2009) , this result suggests that rRNA genes were dispersed in different micro- Islam et al.: Comparative Mapping of Anseriformes and Galliformes chromosomes during the process of homogenization of centromeric heterochromatin between different microchromosomes.
Interstitial telomeric sequences (ITSs) have been reported in many avian species as well as mammals and lower vertebrates (Meyne et al., 1990; Nanda et al., 2002) . These non-telomeric sites of (TTAGGG)n repeats and the colocalization of telomeric repeats and satellite DNA sequences are most likely the result of chromosome rearrangements involving the chromosome ends (including inversions, centric fusion, and telomere-to-telomere fusion) (Go et al., 2000; Li et al., 2000; Lear, 2001; Hartmann and Scherthan, 2004; Ventura et al., 2006; Tsipouri et al., 2008) . In addition, sequence analysis of ITSs revealed that the interstitial arrays of (TTAGGG)n repeats could be inserted at intrachromosomal sites through double-strand breaks in ancient chromosomes (Azzalin et al., 2001; Nergadze et al., 2004) .
ITSs, in addition to the regular telomeric sites, were found in the short arm of A. platyrhynchos chromosome 1 and the centromeric region of C. moschata chromosome 1, which confirmed Nanda et al. (2002) . However, the ITS signal in chromosome 1q, which was found in the graylag goose (A. anser) (Nanda et al., 2002) , was not observed in A. cygnoides, indicating species differences in the chromosomal distribution of non-telomeric sites in the genus Anser. No supporting cytogenetic evidence for telomere-to-telomere fusion or inversion containing telomeric ends at these sites was obtained in the present study. In contrast, no hybridization signals of ITSs were detected in Falconidae and Accipitridae of Falconiformes by FISH mapping of telomeric (TTAGGG)n repeats, although telomere-to-telomere fusions frequently occurred between macro-and microchromosomes and between microchromosomes in these species (Nishida et al., 2008 (Nishida et al., , 2013 . Nucleotide sequence-based analysis is needed to understand the structures of ITSs and their origins in these avian species.
Comparative gene mapping of 37 genes revealed rearrangements in chromosome 2 and the Z chromosome between the chicken and anserid species and in chromosome 4 and the Z chromosome between A. cygnoides and the two duck species. Our previous karyological observation showed morphological differences in chromosome 1 and the Z chromosome between A. platyrhynchos and C. moschata: the short arm of chromosome 1 was longer in A. platyrhynchos than C. moschata; and the Z chromosome was subtelocentric in A. platyrhynchos and acrocentric in C. moschata (Islam et al., 2013) . However, no cytogenetic evidence of small pericentric inversions was found for chromosome 1 and the Z chromosome between the two species in the present comparative mapping. In previous studies (Fillon et al., 2007; Skinner et al., 2009) , chromosome rearrangements were found for chromosome 2 and the Z chromosome between the chicken and A. platyrhynchos. A small pericentric inversion in chromosome 1, which was reported in Fillon et al. (2007) and Skinner et al. (2009) , was not confirmed in the present study because the hybridization signal of GAPDH was detected near the centromere of the long arm in both the chicken and anserid species. However, a small pericentric inversion in chromosome 2 and multiple inversions or centromere-repositioning in the Z chromosome was confirmed in the present study.
In the Z chromosome, genes in the distal regions of GGAZq (TMOD, CHD1) and GGAZp (HMGCS1, GHR, ATP5A1) were inversely localized to the proximal and distal regions of the long arm of the A. platyrhynchos Z chromosome, respectively, in the same order (Fillon et al., 2007; Skinner et al., 2009 ; the present study), and the orders of nine Z-linked genes were almost the same between two species, although the centromere position differed between two species: the A. platyrhynchos Z chromosome is subtelocentric, while GGAZ is metacentric. This result leads us to predict two possibilities for the process of chromosome rearrangements in the Z chromosomes: 1) the metacentric chicken Z chromosome resulted from centromere repositioning that occurred in the ancestral acrocentric Z chromosome of Galloancerae, whose gene order remains almost intact in the A. platyrhynchos and C. moschata Z chromosomes; and 2) a large pericentric inversion occurred at the breakpoint between RCL1 and HMGCS1 in the ancestral acrocentric Z chromosome, followed by at least one large paracentric inversion at the breakpoints between the centromere and TMOD1 and between RCL1 and the distal end (almost the whole region of the short arm) of the derived-metacentric Z chromosome, leading to the chicken Z chromosome, which has a similar gene order to that of the A. platyrhynchos Z chromosome. The chromosomal locations of genes in the proximal and distal regions of the acrocentric A. platyrhynchos Z chromosome and their gene order is very similar to those of the ancestral Z chromosome of palaeognathous birds , although it is supposed that a paracentric inversion occurred in the interstitial region containing CHD1, SPIN, and NTRK2 in the A. platyrhynchos Z chromosome when compared to the fine ostrich (Struthio camelus) Z chromosome map . These results indicate that the A. platyrhynchos Z chromosome retains the ancestral state of the Z chromosome of Galloanserae and that centromere repositioning or multiple extensive inversions occurred in the lineage of the chicken after Galliformes diverged from the common ancestor of Galloanserae. Therefore, the submetacentric A. cygnoides Z chromosome may have resulted from a pericentric inversion that occurred in the ancestral acrocentric Z chromosome of Anseriformes.
The gene order on the acrocentric chromosome 4 in two duck species (A. platyrhynchos and C. moschata) was similar to that on the long arm of chicken submetacentric chromosome 4. Considering that the short arm of chicken chromosome 4 was derived from a centric fusion between a microchromosome and the ancestral acrocentric chromosome 4, metacentric A. cygnoides chromosome 4 may have resulted from a pericentric inversion that occurred in the ancestral acrocentric chromosome 4 of Anseriformes.
These results conclusively suggest that karyotypes have been highly conserved in Anseriformes because chromosome rearrangements occurred less frequently among anserid species and also between Galliformes and Anseriformes after they diverged around 100 million years ago Baker, 2006, 2009; Brown et al., 2008; Kan et al., 2010; Pacheco et al., 2011) . The findings in the present molecularbased cytogenetic analyses of chromosomes confirm earlier studies and improve our understanding of the process of karyotype evolution in the lineage of Galloanserae.
